The zonally symmetric flow in the tropical lower stratosphere exhibits three types of variability: (1) an annual cycle that has odd symmetry about the equator with easterlies in the summer hemisphere and westefiies in the winter hemisphere, (2) a semiannual oscillation with a rather complex distribution of amplitude and phase, and ( 
INTRODUCTION
The tropical stratosphere encompasses the region within ~20 ø of the equator and extends from the tropopause at ~17 km upward to the stratopause near the 50-km level. It is a layer of very strong static stability, temperature increasing with height throughout much of its depth. For the discussion of the dynamics it is convenient to divide this region into an upper layer extending from 35 to 50 km and a lower layer extending from 17 to 35 km. The upper layer is marked by large tidal motions and a strong semiannual oscillation in the mean zonal wind. Owing to the sparstry of data, very little is known about the wave disturbances, other than tides, in the upper stratosphere. The circulation of the lower stratosphere is 'marked by the presence of large-scale vertically propagating wave disturbances with periods ranging from a few days to a few weeks. These are superposed on a mean zonal flow pattern that exhibits a curious low-frequency nonseasonal oscillation with a characteristic period of slightly >2 years. There is the distinct possibility that an analogous oscillation might exist in the tropical regions of other atmospheres. For example, Owen and Staley [1963] have shown evidence of variability in the strength of the zonal winds in the equatorial atmosphere of Jupiter.
ZONAL MEAN CIRCULATION
The spread of the dust cloud produced by the 1883 Krakatoa eruption gave scientists their first view of the wind circulations of the tropical stratosphere. ' Apart from offshoots toward Japan and South Africa immediately after the explosion, the main body of the cloud moved from east to west at an average speed of 73 mi14s per hour, completing at least two circuits of the earth in equatorial latitudes' [Wexler, 1951] . Berson's upper air studies over Africa in [1908] [1909] with balloons unexpectedly showed evidence of a westerly (west to east) circulation in the same region. From that time until the late 1950's the belief in the coexistence of the two opposing flow regimes prevailed. Palmer [1954] described Berson's westerlies as 'a narrow "thread" of steady winds whose axis lies at about 2øN and whose base lies near 20 kin. The upper transition to the Krakatoa winds varies from month to month and year to year.' With the advent of more regular soundings, evidence on the variability of the wind structure increased. Korshover [1954] Island (3øS) section is repeated for comparison. The similarity between the 8 ø section and the 3øS section even in some of the more subtle. details is quite remarkable when we note that these sections are based on data from widely different longitudes. This similarity is evidence of the longitudinal uniformity of these low-frequency zonal wind oscillations. The quasi-biennial oscillation is also apparent in the 20øN section, but with greatly reduced amplitude. All three sections also show evidence of a semiannual oscillation first noted by Reed [1965b, 1966] . This is most pronounced in the 20 ø section, but it also shows up quite strongly above 30 km in the 3øS section.
Further documentation of the semiannual oscillation at the higher levels is provided in Figure 4 , which is based on monthly mean rawinsonde and rocketsonde data at the Canal Zone (9øN) and Ascension Island (8øS [1965, 1966] A brief summary of the properties of the two types of waves discussed in this section is given in 
where k is the zonal wave number and • is the ground-based frequency.
In Table I For the n > I Rossby modes the situation is much different. Holton [1970] has shown that these have very long vertical wavelengths (on the order of 100 km). It can also be shown that these modes have latitudinal half widths that range up to 30 ø or more, which means that they are not adequately described by the equatorial beta plane solutions.
There is one case in which there appears to be a direct conflict between the observations and the theory of equatorial wave disturbances. This involves results of Kousky and Wallace [1971] , who noted the existence of zonal wind and temperature fluctuations with ~15-day periods in the westerly regime above the transition zone during July-October 1963. These fluctuations appeared to be produced by waves with properties similar to those of the Kelvin waves observed in the easterly wind regime at the lower levels. However, the vertical wavelength was observed to be considerably longer than that of the lower waves, whereas wave theory predicts that Kelvin waves should have a much shorter wavelength in the westerly wind regime, where the Doppler-shifted frequency is much lower than it is in the easterlies, given the same ground-based frequency. There is also evidence of spectral peaks in tropospheric wind fiuctuatio.ns with periods similar to those in the stratosphere. The existence of a 4-to 5-day peak in spectra of the meridional wind component is documented in numerous studies, and there is also mention of a 10-to 15-day peak in the zonal wind spectra in studies of Wallace and Chang [1969] and Yanai and Murakami [1970] . These observations together with the observed coherence between tropospheric and stratospheric wind fluctuations might be taken as evidence tha• the Kelvin wave and mixed Rossby-gravity wave exist as identifiable wave structures in the troposphere as well as in the stratosphere, so that the stratospheric waves are simply the upward extension of the tropospheric ones. However, there are indications that the relation between stratospheric and tropospheric disturbances may not be this simple.
Previously [Wallace, 1971 , pp. 603-604], I noted that the 4-to 5-day waves appear to be associated with two types of disturbances: a westward propagating synoptic scale wave and a planetary scale wave that appears to be related to the mixed Rossby-gravity wave in the stratosphere. The cloud patterns associated with the planetary scale wave appear to be confined to the western Pacific region, where they assume the form of a standing wave oscillation in the longitude domain, with no evidence of westward propagation. The oscillation appears to have odd symmetry about the equator. Holton has subsequently suggested that this 'standing wave oscillation' might be produced by the interaction between the westward propagating synoptic scale disturbances mentioned previously and the prominent features in the steady state monsoon circulation. Wallace [1972] has presented observational evidence in suppor• of this view.
Thus it appears that the mixed Rossby-gravity wave in the lower stratosphere may be a response to tropospheric forcing with the same frequency but with a quite different horizontal structure. Holton [1972] has attempted to simulate this response in a linearized, spectral primitive equation model. The forcing is specified in terms of adiabatie heat source that represents the release of latent heat in the observed tropospheric wa.ves. The spatial distribution of the heat source is modeled in accordance with observations of the standing wave oscillation in tropical cloudiness in the western Pacific as described by W•llace [1971] . The localized standing wave forcing function is expanded in terms of a Fourier series of eastward and westward propa. gating waves, and the response to each wave component is calculated separately. Because of the rotation of the earth the stratospheric response to an oscillating heat source that is antisymmetric about the equator is largest for the westward propagating waves that assume the form of the mixed Rossby-gravity mode with a structure very similar to the observed one. Despite the fact that the largest forcing is in wave number 1, wave numbers 2-4 show the largest response in agreement with observations. Energy is dispersed longitudinally away from the localized source region, so that a,t the higher levels the waves are observed at all longitudes in the model. The stratospheric response was much stronger for a mean zonal wind profile with westerlies in the lower stratosphere than for one with easterlies. This finding is consistent with the fact that these waves have been observed only when mean westerlies prevail in the lower stratosphere.
The situation with regard to the Kelvin wave is less dear because of the lack of definitive observations in the troposphere. There is little question that there are substantial low-frequency large-scale zonal wind fluctuations at equatorial stations. However, these appear to be coherent with fluctuations in the meridional wind component [Wallace and Chang, 1969] , which would preclude the possibility of their being a manifestation of Kelvin waves. It seems more likely that they are associated with slow changes in the monsoon patterns than with any identifiable zonally propagating wave structure. Holto• [1972, 1973] found that the stratospheric response to a standing wave tropospheric heat source with even symmetry about the equator is mainly in the form of eastward propagating Kelvin waves. The amplitude of the response is a function of the vertical profile of mean zonal wind and the frequency and wave number of the forcing. The main results can be summarized as follows.
1. For a given vertical profile of mean zonal wind and forcing with a given wave number, there is significant Kelvin wave response in the lower stratosphere only for a limited range of frequencies of forcing. In this sense the atmosphere behaves as a band-pass filter.
2. For a given vertical wind profile the amplitude of the stratospheric response appears to be independent of the zonal wave number of the forcing, whereas the frequency of the maximum response is directly proportional to the wave number. In other words the frequency response appears to be a function of the phase spee. d •//c of the forcing.
3. For a vertical profile with mean easterlies in the layer below 25 km and westerlies above, there is a strong response to wave number I forcing at periods near 15 days in the westerly shear zone near 25 km. For a profile with westerlies below 25 km the maximum response to wave number I forcing is considerably smaller than that in the former case and is shifted toward higher frequencies.
Holton interprets these results as indicating that the stratospheric response to tropospheric forcing is large only when the vertical wavelength of the forced waves is compatible with the vertical structure of the forcing. The vertical wavelength of the forced waves is determined by their equivalent depth, which for the Kelvin wave is a unique function of the Doppler-shifted phase speed J/k. The maximum response occurs when the Doppler-shifted phase speed of the forcing is on the order of 20-40 m sec -•. This is consistent with a vertical wavelength of 6-10 km for the forced waves, which corresponds closely to the vertical scale of the assumed distribution of condensation heating in the troposphere.
Holton's calculations also provide some insight into the question of why the predominant wavelength of the Kelvin waves in the lower stratosphere is zonal wave number 1. Only at this wave number does his model show significant stratospheric response to forcing with periods >10 days. Therefore, if large-scale heating in the troposphere exhibits a 'red noise' spectrum in the time domain, as is indicated in some of the spectral studies [e.g., Wallace and Chang, 1972] , the resulting stratospheric response should exhibit a red noise spectrum in the space domain. Holton's results also offer a possible explanation of the observed spectral peak around periods of 15 days, since this is the lowest frequency at which a. strong Kelvin wave response is possible for realistic vertical profiles of diabatic heating in the troposphere. Furthermore, if there is any tendency for a dominance of the lowest wave numbers in the tropospheric forcing, such as might result from pulsations in the intensity of the monsoon circulations, it should reenforce the dominance of wave number i and the 15-day period in the stratospheric Kelvin waves. Using • similar model with a somewhat different distribution of tropospheric heat sources, Murakami [1972] was also able to obtain a quite realistic simulation of the Kelvin wave in the lower stratosphere. The heat source was assumed to have the form of an eastward propagating wave with maximum amplitude at 20 ø latitude. Thus it, appears that Kelvin waves can be generated in response to tropospheric forcing with a wide variety of latitudinal distributions. The only crucial requirement is that there be a component that has even symmetry about the equator.
Thus the theory of equatorial wave disturbances provides a rational explanation for many of the observed features of wave disturbances in the tropical lower stratosphere. Whatever the actual distribution of forcing in the troposphere it can be viewed as a linear combination of the 'normal mode' solutions to the equations of motion on an equatorial beta plane. The Kelvin wave and mixed Rossby-gravity wave are the only normal mode solutions for which the forced waves have vertical wavelengths that are long enough to be comparable to the vertical scale of the profile of diabatic heating (or vertical motion) in the troposphere. Therefore it is these modes that are excited most strongly. The dominance of wave number 1 Kelvin waves with a 15-day period appears to be a consequence of tropospheric forcing with a red noise spectrum in either the time or the space domains or possibly both. The dominance of wave numbers 3-5 and the 4-to 5-day period in the mixed Rossby-gravity wave appears to be a result of a somewhat more specific distribution of tropospheric forcing. There is observational evidence that suggests that the interaction between the transient disturbances along the intertropical convergence zone and the steady state monsoon flow yields a distribution of forcing with the appropriate space and time scales to excite mixed Rossby-gravity waves with properties similar to the observed. The range of zonal wind speeds in the lower stratosphere is such that the response to a given forcing increases with the Doppler-shifted phase speed c -U. This explains why Kelvin waves are observed when the mean zonal wind in the lower stratosphere is easterly, whereas mixed Rossbygravity waves are observed during periods of westerlies. For the mixed Rossby-gravity wave, there is an additional effect associated with a mean meridional circulation driven by the wave. That such a circulation exists can be seen from a careful inspection of Figures 8b and 12 . At any given level, air parcels experience their maximum equatorward motion ¬ wavelength after their maximum upward motion. Thus the air trajectories within the waves describe ellipses in the meridional plane, the rising motion taking place somewhat further from the equator than the corresponding sinking motion.
Because of this difference in latitude the rising parcels carry upward with them smaller amounts of westerly angular momentum associated with the earth's rotation than the sinking parcels carry downward. Thus the overall effect of this meridional circulation is to produce a net upward transport of easterly angular momentum. This predominates over the effect mentioned previously, so that the total effect of the mixed Rossby-gravity wave is to produce an upward flux of easterly momentum [Lindzen, 1971] . By using (75-78) in Lindzen's paper together with reasonable estimates of the zonal wavelength and the Doppler-shifted phase speed, we can compute the ratio of the net upward flux of easterly momentum to the observed upward flux of relative westerly momentum. This ratio is quite sensitive to the assumed value of c -U. For c -U near -30 m sec -•, as given in Table 1 Second, the upward component of the group velocity of the Kelvin wave is proportional to (c -U) • [Lindzen, 1970] . Therefore any waves that are able to penetrate into the upper-level westerlies do so at a substantially reduced group velocity that renders them much more susceptible to dissipative processes [Lindzen, 1970 [Lindzen, , 1971 . As evidence of the importance of these processes it is worth noting that above 25 km, where U ) 0, the characteristic time scale for radiative relaxation is comparable to the Doppler-shifted period of the Kelvin wave, which (as was shown previously) is the time required for wave energy to propagate upward through one vertical wavelength.
b. Mixed Rossby-gravity wave. The two mechanisms described above whereby Kelvin waves are absorbed by the mean zonal flow in the absence of a critical level are also operative for the mixed Rossby-gravity wave with minor modifications. The shear instability mechanism may be relatively less important for •he Rossby-gravity wave than for the Kelvin wave because the wave amplitudes are smaller and the intensity of the easterly shear zones is usually not as large as that of the westerly ones, as is seen in Figures 3-5 
MECHANISM FOR THE QUASI-BIENNIAL OSCILLATION
By a rather straightforward extension of the arguments of the previous section it is possible to arrive at a plausible explanation for the quasi-biennial oscillation' The mechanism that I will be describing was first proposed by Lindzen and Holton [1968] and was revised by Holto• and Lindzen [1972] .
Let us begin by assuming a mean zonal wind l•rofile with easterlies at all levels. This will allow Kelvin waves to propagate vertically with only weak absorption due to radiative damping, which will be most pronounced above 25 km, where the characteristic time scale for radiative damping is relatively short. Given a sufficiently long time, the absorption of Kelvin waves at the higher levels would probably give rise to a westerly wind regime there. In any event the semiannual oscillation at levels above 35 km will provide an upperlevel westerly shear zone within a few months if one does not already exist. Once the shear zone is established, it will begin to propagate downward as a There is strong observational support for all the crucial requirements of Lindzen and Holton's mechanism: (1) upward fluxes of zonal momentum of the required magnitude, (2) absorption of the waves and convergence of zonal momentum in the shear zones, and (3) a semiannual oscillation that provides alternating easterly and westerly shear zones at the 35-km level. There is still some uncertainty regarding some of the details, e.g., the relative importance of the various absorption mechanisms and the roles of mean meridional motions and meridional fluxes of zonal momentum. There is also some question as to which dynamical processes are responsible for the attenuation of the oscillation as the wind regimes approach the tropopause level. However, despite these remaining uncertainties, there seems to be little doubt that a mechanism very similar to the one described by Lindzen and Holton must be responsible for the major features of the quasi-biennial oscillation. There is also some evidence of an apparent quasi-biennial periodicity in long records of surface data [e.g., Landsberg, 1962] . The prospects of relating this to the equatorial stratospheric oscillation appear to be somewhat more remote, since the phenomenon is only weakly evident in the tropospheric time series that have been analyzed thus far. However, there is some possibility that further studies with refined analysis techniques will be able to define and isolate more clearly the tropospheric oscillation, so that it can be related to year to year changes in the stratospheric circulation.
